genlyase reaction, has been the subject of considerable research and speculation over several decades. One fundamental aspect of the reaction which has received particular attention is the question of whether one or more enzymes are required for the conversion. It seems reasonable that definitive and unambiguous evidence relating to this point will necessaily require detailed analysis of the system in the cell-free state. A number of properties of the cell-free system (Gest, 1952; Barkulis and Gest, 1953) and the available results of growing and resting cell experiments were recently reviewed in detail by one of the present authors (Gest, 1954) , who concluded that formate is decomposed to H2 and C02 by a multienzyme system containing "formic dehydrogenase" and hydrogenase.
The The variants were maintained on nutrient agar slants and showed no evidence of instability with regard to the enzymatic properties examined during the course of this investigation.
Resting cel suspenions. For the intact cell experiments summarized in table 2, the organisms were grown in stationary culture at 37 C in a medium containing 1 per cent glucose, 1 per cent yeast extract, and 1 per cent tryptone. Approximately 17 hours after inoculation, the cells from 300 ml of medium (incubated in 500 ml Erlenmeyer flasks) were harvested, washed once with 15 ml of deoxygenated water and resuspended in 5 ml of water. Depending on the organism, the bacterial density of these suspensions varied from 9 to 21 mg dry weight per ml. CeU-free preparatioms. The bacteria were cultivated in deep stationary culture (10 liters of medium in 12 liter Florence flaks) at 37 C using the medium described above. At approximately 12 to 14 hours, the cells were harvested and ground with alumina A301 according to the procedure of Mcflwain (1948) . The ground miture was ex- Also shown for comparison are typical activities observed in cell-free preparations.
It is of importance to note that the arbitrary asay for hydrogenase is based on utilization of H2, even though the natural function of this enzyme in these organisms is undoubtedly concerned with formation of H2 (see below).
A number of conclusions may be drawn from the data of table 2. First, it is evident that the preparations which show hydrogenlyase activity also show both formic dehydrogenase and hydrogenase (i. e., WR 1 and normal E. coli). This is true of both intact cells and extracts and it may be further noted with regard to the activities under consideration that the enzymatic content of the cell-free extracts is qualitatively identical with that of the intact cells in all the organisms listed.
It should be emphasized that the data of table 2 are to some degree approximate (particularly values greater than 400). This is a consequence of the fact that relatively large amounts of the preparations were routinely employed to obviate the possibility that lack of hydrogenlyase activity in a particular preparation could be due to the dilution effect to which this system is subject and to provide a more critical test for the absence of any particular activity. In (MB included) . It thus appears that absence of hydrogenlyase activity in this organism may be correlated with absence of the 'formic dehydrogenase" component. WR 2 seems 'to be equivalent to the variant X described by Ordal and Halvorson, who state that most of the variants they tested were of this type.
Variants WR 8, 4, and 6. The data in table 2 indicate that these three organisms show the same pattern of enzyme activities, i. e., they possess formic dehydrogenase but apparently contain no hydrogenase, which may be correlated with the absence of hydrogenlyase activity. It is of considerable interest that a comparable situation is found in intact cells and cell-free preparations from normal E. coli grown with vigorous aeration, i. e., presenee of a high level of formic dehydrogenase but no hydrogenase or hydrogenlyase (Gest, 1952 (Gest, , 1954 . Of this group of variants, WR 3 was further examined with respect to hydrogenase activity, particularly because some extract preparations from this organism did display a very slight activity with methylene blue as the electron acceptor (always less than 50 pL H2/hr/0.25 ml). No H2 was consuimed by the cell-free extracts in the presence of benzyl viologen, pyocyanin, or ferricyanide. In conformity with the tests with methylene blue, however, a very slight hydrogenase activity was detectable by a different type of procedure which is discussed below.3 In any event, when the present data for hydrogenase activity of the various organisms listed in table 2 are compared, it appears that variants WR 3, 4, and 6 are virtually devoid of this enzyme. These strains seem to be equivalent to variant XI of Ordal and Halvorson (1939) .
Variant WR 5. In this variant both formic dehydrogenase (as measured with methylene blue) and hydrogenase are present, yet there is no hydrogenlyase activity. A variant of E. coli showing this pattern was also described by Ordal and Halvorson (1939; variant XII) . A similar enzymatic picture has been observed in normal E. coli cels and preparations under particular conditions. For example, if E. coli is grown with slight or even moderate aeration, both formic dehydrogenase and hydrogenase are present but there is no hydrogenlyase activity (see discussion by Gest, 1954) . Similarly, extract from anaerobically grown cells shows all activities at pH 6, whereas at pH 7.2 or above hydrogenlyase disappears completely, though there is active formic dehydrogenase and hydrogenase present (Gest, 1952) . A third example comparable to WR 5 is provided by aged particulate fractions also derived from cells grown in the absence of oxygen (Gest, 1952 Following this line of reasoning it was concluded that, since WR 5 and WR 6 failed to link with the hydrogenase component of WR 2, the formic dehydrogenase constituents of WR 5 and 6 must be "incomplete" as compared with the formic dehydrogenase system present in WR 3. Since the hydrogenase of WR 5 can couple with the formic dehydrogenase component of WR 3, it also seemed probable that absence of hydroganlyase activity in WR 5 alone was due to a defect in the formic dehydrogenase portion of the system. In experiments designed to determine the nature of this defect a number of coenzymes were tested for ability to activate the hydrogenlyase system in WR 5 extracts. None of the compounds tested thus far had any effect; these include diand triphosphopyridine nucleotides, riboflavin, flavin mononucleotide, flavin adenine dinucleotide, folic acid, dihydrofolic acid, tetrahydrofolic acid, anhydrocitrovorum factor and leucovorin.
Preliminary studies of several properties of the reconstructed hydrogenlyase (WR 3 + WR 2) have been made in order to determine whether or not this hydrogenlyase system is comparable with the "normal" enzyme complex. It was found that a pronounced dilution effect on hydrogenlyase activity could be demonstrated with the reconstructed system just as with E. coli extracts. Further, in both systems hydrogenlyase activity is severely inhibited by metal complexing agents such as a,a'-dipyridyl and the inhibition is almost completely relieved by addition of Fe++ (see Gest, 1952 , for discussion of properties of the normal extract). These observations, which should be amplified, suggest that the two types of systems are in fact quite similar.
The solubility of the components required for the WR 3 + WR 2 reconstruction of hydrogenlyase was studied by assaying mixtures of the particulate and soluble fractions obtained from these two crude extracts by centrifugation in the Spinco preparative centrifuge at 144,000 X G for 1.5 hours. The formic dehydrogenase component required was exclusively in the soluble fraction of WR 3, whereas the effective hydrogenase component of WR 2 was found to be mainly in the insoluble fraction (some hydrogenlyase activity was observed when a relatively large amount of the soluble fraction of WR 2 was used). This coupling between a soluble formic dehydrogenase and an insoluble hydrogenase system is reminiscent of the synergistic effects (on hydrogenlyase activity) observed when soluble and hydrogenase-rich particulate fractions derived from anaerobically grown E. coli are mixed (Swim and Gest, 1954 extracts from these variants on the hydrogenlyase activity of preparations from WR 1 and E. coli. In all instances there was either no effect or stimulation of the activity. The latter was particularly noticeable in the tests with WR 3, e. g., addition of 0.25 ml of WR 3 extract accelerated the hydrogenlyase activity of an equal volume of WR 1 extract by 7-fold and that of E. coli by 2-fold. This observation suggests that the electron donating portion of the system is limiting in the WR 1 and E. coli preparations, particularly in the former.
A comparison of the formic dehydrogenase components. Marked differences were observed with respect to ability of the various preparations to reduce the low redox potential dyes benzyl and methyl viologens upon addition of formate. These differences are illustrated by the data in table 4.
From table 4 it is evident that the viologen dyes (and methylene blue) are effective electron acceptors for the formic dehydrogenase system present in WR 3. On the other hand, WR 5 and WR 6 show good activity with methylene blue but display negligible activity with the viologens. This was true not only of extracts but also for intact cells as tested with WR 3 and WR 5. In separate tests it was found that the viologens are also very rapidly reduced by extracts of WR 1 and E. coli upon addition of formate.4 It is striking that preparations which contain an active hydrogenlyase system (WR 1 and E. coli) or which can furnish the formic dehydrogenase portion required for coupling with the hydrogenase of WR 2 are able to reduce the viologen dyes rapidly. On the other hand, preparations of formic dehydrogenase which cannot couple with the hydrogenase of WR 2, viz. WR 5 and WR 6, show a greatly impaired ability to reduce these particular electron acceptors.
In view of the fact that hydrogenase acts in many respects as a classical hydrogen electrode, it seems reasonable to assume that the electrons or hydrogen atoms derived from formate "activation" are transported to the hydrogenase system through a specific intermediate carrier(s) of low redox potential. Further, we a#sume that ability to reduce artificial "one electron" dyes of low redox potential such as benzyl viologen (Eo' = -0.359) and methyl viologen (Eo' = -0.446) depends on a factor xi, probably an electron carrier, which is also an essential part of the formic dehydrogenase component required for hydrogenlyase activity. The apparent distribution of the factor xi, postulated on this basis, in the various preparations tested is consistent with the foregoing view.
Extracts of WR 3 show high levels of formic dehydrogenase activity when tested in the usual manometric procedure not only with the viologens and methylene blue (Eo' = +0.011), but also with pyocyanin (Eo' = -0.034) and ferricyanide (Eo' -+0.36) acting as electron acceptors. Although extracts of WR 5 display good formic dehydrogenase activity with the latter three acceptors, activity with the viologens is poor, as already noted. These observations suggest that the defect in WR 5, or in preparations from E. coli which resemble WR S, is the virtual absence of the factor xi closely associated with "formic dehydrogenase" and, secondly, that the measurement of formic dehydrogenase using methylene blue or other high redox potential acceptors is not in itself an adequate assay of the formic dehydrogenase essential for hydrogenlyase activity.
The The carrier postulated (x2) apparently can be effectively replaced by catalytic amounts of a dye of low redox potential, such as methyl viologen. This effect of the dye is illustrated in figure 1 .
The clostridial extract alone does not produce H2 from formate either in the absence or presence of methyl viologen. Molecular hydrogen is produced at a low rate by WR 3 alone upon addition of the dye; this is apparently due to coupling with the very small amount of hydrogenase present in such preparations. The rapid evolution of H2 observed when methyl viologen (MV) is added to the combination of the two extracts reflects the ability of this dye5 to transport electrons between the formic dehydrogenase component of WR 3 and the hydrogenase of C. butylicuZm.
Several observations support the conclusion that methyl viologen functions as an intermediate carrier in this manner. First, it may be noted that the rate of H2 formation by the model system is proportional to methyl viologen concentration over a rather large range (0.000025 to 0.00025 M). When the dye (and formate) is added to WR 3 alone, the blue color characteristic of the reduced form appears rapidly and remains intense. Under these conditions, the dye tends to remain in the reduced form because the latter is reoxidized at a comparatively negligible rate by the very small amount of hydrogenase present.
On the other hand, in the complete system: WR 3 .... MV.... clostridial hydrogenase, the steady state concentration of reduced dye is smaller, owing to relatively rapid reoxidation by the "excess" of hydrogenase. This is shown by the pale blue color in both this type of model system, as well as in preparations with inherent hydrogenlyase activity (i. e., in WR 1 and E. coli extracts). The color disappears entirely when the formate is completely decomposed.
In a previous study, it was reported that freshly made particulate preparations from anaerobically grown B. coli show hydrogenlyase activity after an induction period and that this lag phase is abolished by addition of catalytic quantities of the viologen dyes (Gest, 1952) . As in the current experiments, the effect of the dye was attributed to its ability to couple the formic dehydrogenase and hydrogenase components present in the particles.
The use of reduced methyl viologen, in substrate concentrations, as an electron donor for hydrogenase will be described in a later paper.
Metabolim of pyruvate by extracts from the variants. Extracts from variants WR 1, 2, 3, and 5 did not produce H2 from pyruvate under the conditions usually employed for assay of hydrogenlyase activity (i. e., 0.25 ml of extract at pH 6.1). Of these preparations, the only one which utilized pyruvate at an appreciable rate was WR 3; in agreement with the results noted in growing cultures (see (Lichstein and Boyd, 1953) . Since inability to reduce methylene blue is not necessarily a valid criterion for the absence of hydrogenase (Gest, 1954) , this observation cannot be accepted as critical evidence in support of the idea that hydrogenlyase activity is due to a single distinct enzyme. In any event, using the same strain of Aerobacter (kindly supplied by Dr.
Lichstein), we also found that hydrolyzed yeast extract stimulated the appearance of hydrogenlyase activity, but in contrast to their findings these cells proved to have a readily measurable hydrogenase activity as tested by several procedures. Grunberg-Manago et al. (1951) also believe that hydrogenlyase is a single enzyme not related to formic dehydrogenase or hydrogenase, on the basis of inhibitor experiments using hypophosphite and intact cells of E. coli. This compound was reported to inhibit formic dehydrogenase activity (measured by observation of methylene blue reduction in a Thunberg tube procedure) completely but to have no effect on hydrogenlyase activity. Thus far we have been unable to obtain a differential result of this kind using the cell-free system from E. coli. In a typical experiment with 0.25 ml of extract and 0.0025 M KH2PO2, the formic dehydrogenase activity with methylene blue, measured manometrically, was inhibited about 57 per cent, whereas the hydrogenlyase activity was depressed by some 30 per cent. This observation and other related considerations discussed by Gest (1954) indicate that the effects of hypophosphite on these activities are equivocal and require further investigation.
Several investigators have assumed that an appreciable difference in Michaelis constant (Km) in the formic dehydrogenase (methylene blue) and hydrogenlyase activities observed with intact cells is critical evidence against the view that formic dehydrogenase is a component of the hydrogenlyase complex (e. g., Wolf et al., 1954) . This assumption was recently examined by Crewther (1953) , who concludes from theoreticaJ considerations that appreciably different Km values might be expected for a dehydrogenase, depending both on the nature and concentration of the electron acceptor used. This conclusion was substantiated experimentally by Crewther in studies with the formic dehydrogenase of intact E. coli. Crewther's investigation indicates that the observed differences in Km cannot be used as unambiguous evidence to support the argument that hydrogenlyase activity can be attributed to a single enzyme.
